Introduction
The effect of electric control on gas adsorption at surfaces was postulated as early as the invention of semiconductor devices, whereby much of the effort spent on electronics development dealt with surface and interface states. In parallel, catalysis made tremendous use of the latter, but the interplay of electronic states on the one hand and geometrical effects on the other with chemical reactivity seemed to be an unsolvable puzzle, because direct examination of either the geometric or the electronic effect was lacking. We present a first study in which semiconductor sensor measurements are coupled with surface analysis on a model system under the dominant electronic effect of electronic surface states control. The results shine light on the molecule-surface interactions, which fit well into an interdisciplinary view based on semiconductor device physics, surface analytical techniques, and the theory of catalysis.
In 1930, Lilienfeld patented a semiconductor structure that laid the basis for later field-effect transistors. [1] The patent postulated the conductivity control of a thin semiconductor layer by means of an external electric field. In 1935 Heil presented a suspended gate structure that should control surface states and hence the conductivity of a thin film by external electric fields. [2] The malfunction of these early structures remained unexplained until 1948, when Shockley and Pearson clarified that only 10 % of the charge carriers in such thin-film arrangements were mobile; [3] surface and interface states dominated all device behaviour. The effort spent on diminishing and saturating interface defects for MOS technology since the mid-1950s is unparalleled, and aid was sought from all neighbouring disciplines. In turn, interdisciplinary insights arose in the manipulation of adsorbed species and their use for gas detection by subsequently developed semiconductor sensors and also in catalysis. For the latter, chemical view, the first quantum mechanical description of coupled solid interface/adsorbate systems was given by Wolkenstein, [4] who in 1958 presented a theory on the influence of electric fields on adsorption and desorption, named the electroadsorptive effect (EAE). [5] The EAE was experimentally observed, for example, by Keier and Mikheeva in 1964 for methanol on germanium [6] and by Hçnig and Lane, who found for O 2 on ZnO [7] clear increases Microchemical sensors and catalytic reactors make use of gases during adsorption in specific ways on selected materials. Fine-tuning is normally achieved by morphological control and material doping. The latter relates surface properties to the electronic structure of the bulk, and this suggests the possibility of electronic control. Although unusual for catalytic surfaces, such phenomena are sometimes reported for microsensors, but with little understanding of the underlying mechanisms. Herein, direct observation of the electroadsorptive effect by a combination of X-ray photoelectron spectroscopy and conductivity analysis on nanometre-thick semiconductor films on buried control electrodes is reported. For the SnO 2 /NO 2 model system, NO 3 surface species, which normally decay at the latest within minutes, can be kept stable for 1.5 h with a high coverage of 15 % under appropriate electric fields. This includes uncharged states, too, and implies that nanoelectronic structures provide control over the predominant adsorbate conformation on exterior surfaces and thus opens the field for chemically reactive interfaces with in situ tunability.
and decreases in adsorption-induced thin-film conductivities under electric fields as strong as 36 kV cm
À1
. As such fields are too close to the normal discharge limit in air, practical use seemed to be chanceless.
Also, in the 1970s, the field of catalysis was concerned with the EAE, because it was found that semiconductor doping levels could not influence apparent activation energy levels. Ertl and Gerischer pointed out that field effects could still enhance reactivities if charged adsorbates were more reactive than uncharged ("weak") ones. [8] However, any studies at this time were hampered by surface impurities. In turn, morphological aspects evolved as the prevailing paradigm of the field.
On the electronics side, conditions changed with the advent of micro-and nanotechnological devices, in which, on the one hand, drops of several volts across a few or tens of nanometres show that insulators can bear extreme electric strengths. On the other hand, semiconducting thin films for chemical sensing became available with greatly improved purities. Hence, since the 1990s the EAE and Wolkenstein's theory were revived by several findings on semiconductor gas microsensors [9] [10] [11] [12] [13] [14] and nanosensing. [15, 16] Nevertheless, the detailed mechanisms that govern surface reactions in the presence of external electric fields remained not entirely understood. Also, details on the surface states involved are sparse, as most observations stem from indirect measurements. In this study we add direct surface analysis to semiconductor measurements. As the material, we chose tin oxide layers because of the vast knowledge of their semiconductor sensing properties. [17, 18] Similar reasoning suggested the use of NO 2 for test reactions. [19] [20] [21] [22] [23] During and after exposure to high electric fields, chemical analysis of adsorbates and characterization of the underlying semiconductor were performed, and both measurements are discussed on the basis of an extended Wolkenstein model.
Results and Discussion

X-ray Photoelectron Spectroscopic (XPS) Measurements
The XPS analysis was started a few minutes after exposing compact or porous SnO 2 layers to NO 2 /O 2 mixtures. The N 1s photoelectron signal showed peaks at binding energies of 406 and 408 eV, related to chemisorbed NO 2 and NO 3 , respectively. [23] [24] [25] The peaks at 400 and 399 eV are associated with SnÀ NO ad and nitrogen replacing oxygen in the crystal lattice. [26] [27] [28] The latter peaks around 400 eV appear after exposure of freshly prepared films to NO 2 and remain stable for days, in contrast to the peaks of NO 2 and NO 3 .
As both the compact and the porous layers show very similar adsorption characteristics (besides the total amount of adsorbed gas and its desorption over time, see the Experimental Section), the average of a series of 70 measurements was calculated and is presented as a schematic reconstruction of the porous and compact layers in Figure 1 . For zero voltage (see the Supporting Information), we find NO/N to be the dominant stable species with partial coverages of 54 %. Both NO 2 and NO 3 , which start at about 28 and 18 % coverage, respectively, fade away during our 90 min period of observation with decay times of 40 min (porous) and 25 min (compact). Figure 1 shows the averaged N 1s photoelectron signals as a function of time for positive and negative polarization. Figure 1 a reveals that, under positive applied potentials (negative electric fields), the NO 2 peak reaches 80 % of the signal height of the NO/N species and decays much more slowly over time. The NO 3 species become only slightly pronounced, but their stability over time is clearly enhanced. In total we find stabilisation and intensification of the NO 2 /NO 3 configuration under positive potentials.
On the other hand, application of a negative potential (positive electric field) stimulates desorption of NO 2 and NO 3 from the SnO 2 surface (Figure 1 b) . NO 3 is almost entirely missing after the short transfer period. NO 2 starts at similar values as under zero voltage (50 % relative peak height) but decays more quickly. In addition, we find an increase of the NO/N peak over time for the porous layer (see the Supporting Information) that clearly surmounts the porosity effects discussed below.
Changes may partially arise from bias-dependant inner diffusion of interstitial nitrogen species inside the bulk by means of CHEMPHYSCHEM ARTICLES www.chemphyschem.org a driving force (electric field). Application of a positive voltage induces accumulation of Sn-N states at the surface. Vice versa, a negative potential results in diffusion of N into the bulk and reduces the concentration at the surface. This is confirmed by other studies based on angle-resolved XPS (AR-XPS), which provides chemical information on the surface and the bulk (thickness < 6 nm). [29] These findings provide explicit evidence on the electric desorption control of chemisorbed species. As a general trend the pronounced desorption under negative potentials comes in parallel with some increase in lattice nitrogen (i.e. SnÀOÀN), which is higher for the rougher evaporated thin films. In contrast, under positive voltages, desorption is strongly suppressed. The same conclusion is supported by reassessing the N 1s intensities with respect to those of C 1s.
The energy split between NO 2 (406 eV) and NO 3 (408 eV) is wide enough to identify both species univocally. The peak areas of the two single components are shown in Figure 2 , which shows that the applied voltage drastically affects desorption of the NO 3 species. Whereas positive polarization suppresses desorption during the period under study, negative polarization causes rapid desorption of NO 3 in comparison to NO 2 .
Beneath desorption another process is very likely to happen; the increase in NO (or N) species amounts to 6 % peak height according to Figure 1 for negative voltages. As surface N undergoes bulk diffusion, it must originate from a conformational change of other adsorbed species. This may be NO 3 (or NO 2 ), which is seen from Figure 2 to drop by at least 30 % even in the positive case. The XPS intensities show that about 20 % of NO 3 (or NO 2 ) is transformed whilst the remainder is lost by desorption.
Conductivity Measurements
The electrode configurations in our test devices allow for simultaneous read-out of the field effect inside the semiconductor thin film. Hereby, purely voltage dependent electronic processes are superimposed by gas-sensitive effects that depend nonlinearly on the amount of adsorbed species. Their surface states can be charged according to the adsorption-modified surface statistics, which in turn is ruled by the bulk Fermi level.
The change in conductivity due to adsorbed gases is related to the formation of a space-charge region adjacent to the surface. The biasing electric field produces a second space-charge region that arises at the buried insulator/semiconductor interface (see inset of Figure 3 ). An appropriate biasing field will control both the device conductivity and the adsorption/desorption at the metal-oxide surface. For the electric field to reach the surface, the space-charge region must cross the whole semiconductor thickness, whilst for measurable conductivity one path parallel to the surface must remain at the same time. Figure 3 shows the conductivities recorded during the XPS experiment. According to normal transistor operation (À30 to 22.5 min) we find a higher current under positive voltages, CHEMPHYSCHEM ARTICLES www.chemphyschem.org which means that the backward end of the space charge is diminished and the conducting path is widened. The effect of negative voltages runs vice versa.
For exposure to NO 2 a general decrease in conductivity fits the oxidative nature of NO 2 : Formation of NO x À acceptor surface states, widening of the space-charge region and, as a result, a narrowed conductive path. The time constants agree well with other findings for room-temperature metal oxides. [30] The response under biasing voltage differs both in absolute and relative measures. Whilst the absolute values are relevant for catalysis, as the total number of ionized adsorbates is changed, the relative changes count for sensor applications. For positive voltages the absolute (relative) change amounts to 1.35 a.u. (10). For negative bias 0.67 a.u. (6) is obtained. For the decay back to the baselines we find also a faster desorption for negative bias voltages, consistent with XPS intensities.
Conclusions
The surface species for adsorption of NO 2 on SnO 2 are consistent with the findings of Maiti et al., [23] which were extended towards their control under electric fields. We observed a strong dependence of adsorption/desorption of NO 3 species on electric field, with almost on/off characteristics. In general, one can assume that both NO 2 and NO 3 states may be present in charged and uncharged states at the surface, and both are under the control of the electric field. Since, due to the Weisz limit, [31] the 30 % increase observed cannot all stem from charged species, we conclude that uncharged states are also controlled by the electric field. If the Wolkenstein model is combined with the appropriate Shockley-Read-Hall statistics and literature parameters are used, also the dynamic behaviour of the coverages of the latter species can be well described, as is depicted in Figure 2 (g, modelling) . We find that the electroadsorptive effect influences the total amount of adsorbed NO x . Its coverage is enhanced under positive voltages and adsorbates stay there longer. Thus, for surface reactions more NO x is available and, in particular, if a desired reaction requires the NO 3 conformation, the EAE can promote such reactions. More importantly, two different (polycrystalline) surface morphologies yield similar results. Thus the EAE offers a vital approach for catalytic surface optimization independent of morphological strategies.
With regard to semiconductor sensor applications we find that the potential for using the EAE is more limited, because only charged adsorbates are directly observed under electronic readout. However, counteractions with other adsorbates may play important roles, too. The role of residual coadsorbed oxygen and water are still not considered, and existing onsets [32] of a multi-surface-state modelling will need substantial data.
One approach towards them would be in situ experiments, for example, by AP-XPS and X-ray absorption spectroscopy. The former offers the opportunity to reach pressures in the range of several tens of torr, which are sufficient for our requirements. On the other hand, secondary electrons collected in the sensitive layer may provide information on the interface between solid and gas under ambient pressure conditions. Such measurements are planned in a high-pressure gas cell with mixtures of various gases.
Experimental Section
Device: A sensor-like semiconductor nanofilm setup was designed for direct observation of the EAE by X-ray photoelectron spectroscopy (XPS). For required high field strengths and bare surfaces, a buried control electrode underneath the layer was chosen. Thus, the device is similar to a film transistor. Using layer thicknesses in the range of several Debye lengths L D [33] ensures that the rear electric field penetrates the entire layer and reaches the front surface. For the sensitive metal oxide layer we chose SnO 2 with an L D value of approximately 40 nm at room temperature. NO 2 was selected as model gaseous adsorbate due to the vast amount of data reported on the NO 2 /SnO 2 system.
The device is shown in Figure 4 . For the back (buried) electrode a silicon n + chip was used with silicon oxide as insulating layer towards the frontal SnO 2 thin layer. Small silver or gold lines at the rim of the SnO 2 serve for 1) electrical grounding of the surface and 2) conductivity measurement on the layer. Also shown are the band diagrams for two states of operation: positive or negative back-electrode voltage. For positive voltages, the electron energy of the electrode is lowered and the resulting electric field tilts the insulator bands upwards. The bands of the semiconductor layer are not tilted due to the occurrence of Fermi level pinning for thicknesses in the L D range. However, the Fermi level is shifted upwards and extra negative charge is created. This affects the surface states, too, which become increasingly charged, as they are acceptor-type in our case. For negative backside voltages the scheme runs vice versa and the uncharged surface states prevail. The potential of the buried electrode determines the position of the Fermi level E F , which governs the surface-state statistics and hence the reaction probability. If only one adsorbed species is present, the main effect of the electric field is to alter the charging probability of adsorbates, which under ambient conditions is less than 1 % (Weisz self-limitation). [31] However, if competitive adsorption of several gases is involved, the final result will depend on the availability of free adsorption sites and hence the various binding strengths and partial gas pressures.
With regard to frequent discussions, we wish to clarify that, due to the presence of electronically vacant surface states, no electric field leaves the frontal surface. As its rim has been electrically tied to ground, no charging effects are superimposed on the XPS measurements. This was carefully cross-checked with C 1s calibration and the other O 1s and Sn 3d peaks. Thus, the entire surface band structure including the core levels was grounded, too. The surface states can either fade away in terms of existence (no adsorbed molecule in a specific conformation = no state), or their electronic occupation statistics can be changed by the Fermi level, which is altered by the backward field. Additionally, if one adsorbed molecule is able to change its conformation (in our case, NO can transform itself into the states NO 2 and NO 3 by consuming adjacent atoms), one surface state disappears and reappears at another position within the band gap. In XPS field-dependent chemical shifts are observed on a quasi-neutral background, as the probing depth of XPS is much smaller then the width of the space-charge region.
The SnO 2 layer was deposited by Ar/O 2 radio-frequency RF sputtering from a SnO 2 target followed by annealing in dry synthetic air (400 8C/100 h) or by e-beam evaporation from pure Sn with humid-air oxidation (400 8C/24 h). The resulting oxide layers were 100 nm thick and had an intrinsic doping level of approximately 10 18 cm À3 oxygen vacancies according to measurements on identically prepared layers. [34] The insulator thickness varied from 1 mm (sputtering) to 100 nm (e-beam). A TEM investigation on the sputtered structures showed that the devices had compact layers with crystallite domains ranging from 5 to 25 nm and missing texture and surface faceting (see Figure 5 ). Thus gas diffusion along grain boundaries of the sputtered samples is rather unlikely. The layer can be considered as amorphous in terms of X-ray analysis. The evaporated samples, however, had high surface roughness and a thickness ranging from 20 to 100 nm. An energy-dispersive X-ray analysis showed a stoichiometry that was sufficient for a doping concentration ensuring the Debye criteria for functioning of the effect.
Two major differences between porous and compact layers were observed. First, the XPS Sn-N lattice peak was far more prominent in the evaporated samples, which may be due to residual gas pressures of 5 10 À6 mbar during deposition. Second, the porous samples showed slightly increased surface coverages during analysis (up to 6 % over time), whereas the compact layers had (normal) overall decays. The increases were found to be voltage-insensitive and were attributed to relocation of adsorbed species from pores and grain boundaries. By combining data for both porous and compact layers, these differences are suppressed and the pure EAE effect is highlighted.
Gas Exposure: A vacuum setup with a separate gas-exposure chamber connected though sample transfer to the XPS measurement chamber was used to allow continuous electrical control during manipulation. An NO 2 /O 2 mixture (80/20 %) was internally produced by heating lead nitrate with mass-spectrometric monitoring. The devices, stored under ultra-high vacuum (UHV), were exposed for 10 min at 10 À3 mbar. Within 3 min after restarting HV pumping the devices were pushed into the main UHV chamber and the XPS time series was started. Therefore, no measurements for t = 0 are available, and rapidly desorbed species are excluded from observation. To a first approximation, in HV systems, the stronger the binding of previously adsorbed molecules, the longer they stay at the surface. Beneath pre-/coadsorbed oxygen and water, residual NO, NO 2 and NO 3 species (i.e. NO x ) as well as interstitial nitrogen can be identified by XPS regardless of their possible charges. Following the results of Rodriguez et al. on TiO 2 [24] we expect that chemisorbed NO 2 will either decompose to give NO ad and O ad or disproportionate to give NO 3 and NO. Figure 6 depicts the preferred sites of these adsorbates on the (110) SnO 2 surface plane, which is the most common facet on polycrystalline surfaces [17] with quasi-amorphous blurring of defects.
Modelling: The Wolkenstein-Geistlinger model [4, 5, 35, 36] formulates a Fermi-level-dependent adsorption coefficient b that is multiplied by the partial pressure in a standard Langmuir isotherm. The model takes into account the quantum chemistry of chemisorption wherein physisorption is considered as an independent precursor of two chemisorbed states ("strong" and "weak"). In this view the weak state remains uncharged and, in terms of charging, is not different from the physisorbed state, which, however, has a different (i.e. smaller) binding energy. Weak and strong states are both governed by the Fermi level. As the position of the surface states is referenced to the vacuum level, both states are sensitive to electric field through the surface band bending DV S , but only the charged ones are electrically detected. With two space-charge regions (bulk and front), the electrical conductance G can be described as G = s 0 (W/L)(dÀSCR b ÀSCR f ), in which W and L are width and length, s 0 is the bulk conductivity, d the layer thickness and SCR denotes the depth of a space-charge region. SCR b is purely electronic, and SCR f is gas-sensitive and electronically influenced. For the sought dynamic response the Wolkenstein isotherm was combined with Shockley-Read-Hall statistics, [31, 32, 37] which describes the temporal fluctuations of charged adsorption by means of capture processes. For example, the desorption of charged, "strongly" chemisorbed adsorbates is described by a capture coefficient K n that rules over the remaining "weakly" adsorbed ones N 0 = (NÀN À ) with electron transitions from the surface conduction band E cs and desorption from the adsorption levels described as trap states E t [Eq. (1)]:
The results of such modelling [38] are shown as a segmented line in Figure 2 , which exhibits fair agreement of observed time and voltage dependence with modelling of the total sum of weakly and strongly chemisorbed NO x 0 and NO x À particles. The time constants of XPS as well as conductivity measurement and modelling lie within the same range. This indicates that the charged molecules are present as a constant portion of the entire adsorbates or, to put it the other way around, the electric field governs the uncharged, "weak" states in just the same manner. That, in addition, the total sum of adsorbed nitrogen is controlled by the voltage, however, exceeds such modelling.
